Abstract: Metal-substituted hemoproteins have been examined by biochemists for decades, but their potential for diverse functionalities has not been thoroughly investigated. By replacing hemoproteins with non-native metals, heme-containing proteins could be capable of performing a range of chemistries not allowed for in the native protein. The metal within the heme of the oxygen-carrying hemoprotein, myoglobin, can readily be replaced with other first row transition metals such as cobalt, chromium and manganese. Upon oxidation with two-electron oxidants (ex. meta-chloroperbenzoic acid), an oxidizing intermediate is produced in manganese-substituted myoglobin. Electron paramagnetic resonance analyses confirm the oxidation of Mn(III) to Mn(IV). With the addition of weak C-H bonds of 1,4 cyclohexadiene, hydrogen atom abstraction is exhibited by the oxidizing intermediate that displays a second-order rate constant of 2.79 +/− 0.22 M −1 s −1 by the metal-oxo species. The replacement of the iron ion with a manganese ion at the active site of myoglobin displays oxidative capabilities that are not shown in native myoglobin.
Introduction
A major research interest of metallo-enzymologists is to improve functionalities of natural proteins for industrial and biomedical applications [1] [2] [3] [4] [5] [6] [7] [8] [9] . One way of directing reactivity of enzymes is by site-directed mutagenesis of amino acids around the active site or essential amino acids that are involved in substrate binding [2, 5] . The purpose of this study is to use protein scaffolds of robust hemoproteins and to introduce alternative metals in order to promote reactivity. The focus of this study is on the globular hemoprotein, myoglobin. Myoglobin is a dioxygen storage protein predominantly found in muscle tissue. Its primary function is to store dioxygen at the Fe(II) site without getting oxidized where its ability to store dioxygen would be compromised [10, 11] . The active site of myoglobin contains a heme moiety and an axial histidine ligand to the iron of the heme and a distal histidine residue that functions to anchor and stabilize dioxygen to prevent autooxidation of the iron. Myoglobin has a robust protein superstructure where the heme can readily be removed and replaced with nonnative porphyrins [3, 4, 6] . The metal within the heme of myoglobin has been the target of this study because the iron ion at the center of the heme cofactor can readily be replaced with other transition metals such as cobalt, chromium, ruthenium, manganese, and copper [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
Manganese-substituted myoglobin is the focus of this research study because manganese does not bind dioxygen in air. The ability to replace the iron ion in myoglobin with another metal has been reported for decades, but investigations into the reactivity of transition metal-substituted myoglobin have received little attention. Transition metal complexes display varying reactivities with different transition metals even when the same types of ligands ligate them [26, 27] . Therefore, it is reasonable to expect that myoglobin would show different reactivity when the iron ion is replaced with another metal. Native myoglobin can be oxidized by two-electron oxidants to form an Fe(IV)-oxo species (compound II), but this moiety does not participate in reactivity [2] that is typically associated with metal-oxo species such as oxygen transfer and cleavage of C-H or N-H bonds [28] [29] [30] [31] [32] [33] [34] [35] [36] The iron ion in myoglobin is particularly suited to perform its function of dioxygen storage and does not promote oxidative chemistry. Since the iron was replaced with manganese, which does not bind dioxygen, new types of reactivity was explored that is not displayed in native myoglobin. Reported herein are the results of a manganese-substituted myoglobin and the characterization of an oxidizing intermediate that is reactive towards a weak C-H bond.
Results and Discussion
Replacement of the heme in myoglobin was accomplished using the Teale-butanone extraction to remove the iron heme and manganese protoporphyrin IX chloride was added to the apomyoglobin for reconstitution [37] . Figure 1 highlights the structural similarities between metmyoglobin and manganese-substituted myoglobin [23, 38] . This comparison suggests that any difference in reactivity observed in the new myoglobin protein is due to the replaced metal and not due to any structural perturbations upon replacement of the iron ion. Mn-myoglobin was first quantitated by the bichinchoninic acid and copper assay [39] . The UV/vis spectrum of Mn-myoglobin was compared to literature reports to conclude that reconstitution was successful. Purity of the manganese-substituted myoglobin was confirmed from the ratio of the 375 nm and 280 nm peaks.
The reactivity of the Mn-myoglobin was tested by the addition of two-electron oxidants. Mnmyoglobin was reactive towards most two-electron oxidants but the best yield was found by the reaction of Mn-myoglobin with m-chloroperbenzoic acid (mCPBA) and, therefore, this report focuses on the results of an intermediate in Mn-myoglobin generated using mCPBA as the oxidant. One species is observed with the addition of one equivalent of mCPBA that returns to Mn(III)-myoglobin. The generated species that forms decays over time to the resting state Mn-myoglobin suggesting that the species is an intermediate with a limited lifetime and not a new compound ( Figure S1 ). 
UV/vis Spectroscopy of Manganese-Substituted Myoglobin
The reaction of manganese-substituted myoglobin with two-electron oxidants yielded a distinct species as observed by UV/vis spectroscopy having an absorption maximum at 410 nm as highlighted in Figure 2 . Over time (10 min at 20 °C), the starting material was regenerated indicating that the generated species is an intermediate that was somewhat unstable. The highest yield of intermediate observed was the reaction of Mn-myoglobin with meta-chloroperbenzoic acid (mCPBA). The UV/vis spectrum of the intermediate exhibits similar features to the spectrum reported by Groves and coworkers for the reaction of manganese-substituted horseradish peroxidase with mCPBA [24] . This result is not unexpected because the first coordination sphere of the active site of horseradish peroxidase is similar to active site of myoglobin and therefore should have a similar electronic structure [40] . 
Electron Paramagnetic Resonance of the Mn-Myoglobin Intermediate
In order to understand the electronic changes upon oxidation of Mn-myoglobin, electron paramagnetic resonance spectroscopy (EPR) was performed on Mn-myoglobin and the species that is formed upon oxidation with mCPBA. In standard EPR spectroscopy the sample is aligned perpendicular to the incident radiation and this allows probing of non-integer spin systems, but when the sample is aligned parallel to the magnetic field this allows for detection of integer spins [41] . The possibilities for the spin states for a two-electron oxidized species are Mn(IV), which would show signals in perpendicular field due to three unpaired electrons, and Mn(V), which would be EPR silent due to two paired electrons. Shown in Figure 3 is the orbital diagrams of Mn(III), Mn(IV), and Mn(V) highlighting the information that can be obtained by performing EPR spectroscopy and how manganese oxidation states can be determined comparatively. Both parallel and perpendicular modes EPR were analyzed so that determination of the oxidation state of manganese ions is straightforward. Shown in Figure 4a , the parallel mode EPR spectrum of the Mn-myoglobin starting material confirms that it is a Mn(III), S = 2, displaying its characteristic six-line (I = 5/2) hyperfine splitting of a = 48 G. The hyperfine coupling constant is in agreement with other Mn(III) compounds [42, 43] . Importantly, there is no signal in perpendicular mode. Upon reaction with mCPBA, the Mn(III) signal disappears in the parallel mode and a new, broad absorption band at geff ≃ 5.1 in perpendicular mode appears, shown in Figure 4b , which is in accord to other high-spin d 3 (S = 3/2) manganese(IV) compounds [24, 30, 44 ].
An organic radical at g ≃ 2 also appears in the spectrum. The presence of a Mn(IV) organic radical is attributable to a compound I species of the manganese-substituted myoglobin. A small amount of residual Mn(II) is also observed at g ≃ 2. The Mn(IV) signal is comparable to other protein and synthetic reports of oxidized manganese systems. The perpendicular-mode EPR spectrum of the oxidized Mn-myoglobin indicates a higher oxidation state than the starting Mn(III)-myoglobin, presumably Mn(IV)-oxo.
A report showing the reaction between manganese-substituted horseradish peroxidase and mCPBA by Groves and coworkers shows an EPR spectrum containing a signal arising from an oxidized intermediate that was assigned as a Mn(IV)=O protein free radical. Further analysis of the manganese-substituted horseradish peroxidase species generated by reaction with mCPBA shows an 18 O isotope sensitive resonance Raman band confirming the presence of a Mn-O species [24] . Myoglobin and horseradish peroxidase have a similar active site environment and it is assumed that the intermediate produced in manganese-substituted myoglobin is similar in electronic structure to the manganese-substituted horseradish peroxidase. (1)
Reaction of the Mn-Myoglobin Intermediate with 1,4 Cyclohexadiene
The reaction between Mn-myoglobin and mCPBA presumably forms a high-valent metal-oxo species. Taking this into account, the intermediate was reacted with a weak C-H bond to determine its ability to cleave C-H bonds since native myoglobin does not display this type of reactivity. 1,4 cyclohexadiene has a C-H bond strength of 77 kcal/mol, which is one of the weakest C-H bonds. [26, 45, 46] In these kinetic experiments, the concentration of the intermediate was held constant while the substrate concentration changed. Initially, it was observed that decay of the intermediate was much faster when the substrate was added indicating that the intermediate was reactive towards the substrate. The dependence of the observed rate constant (kobs) on the concentration of substrate showed a linear dependence. Shown in Figure 5 is the dependence of kobs with substrate concentration showing a linear relationship indicating a second-order reaction mechanism, which is typical for hydrogen atom abstraction reactivity. The second-order rate constant was determined to be k = 2.79 +/− 0.22 M −1 s −1 .
The observed second-order rate constant is comparable to other Mn(IV)-oxo species upon reaction with cyclohexadiene [44] . 
Experimental Section

General Methods
Horse heart myoglobin was obtained from Sigma Aldrich, the BCA assay was obtained from Pierce Protein Biology Products, Amicon ® and Centricon ® filters were obtained from EMD Millipore and Mn(III) Protoporphyrin IX chloride was obtained from Frontier Scientific. All other chemicals were obtained from Sigma Aldrich and unless otherwise indicated used as received. mCPBA was recrystallized by a 1:3 petroleum ether and ether mixture.
Instrumentation
UV/vis spectra were recorded on a Hewlett Packard 8453 diode array spectrophotometer equipped with a UNISOKU Scientific Instruments cryostat for temperature-dependent kinetic analyses. X-band EPR spectra were collected using a Bruker EMX spectrometer equipped with an ER041XG microwave bridge. Spectra for EPR samples were collected using the following spectrometer settings: attenuation = 10 dB, microwave power = 20.26 mW, frequency = 9.47 GHz, modulation amplitude = 10.02 G, gain = 1.00 × 10 3 , and resolution = 1024 points. Low-temperature spectra (10K) were obtained using an Oxford Instrument liquid He quartz cryostat.
Preparation of Mn-Myoglobin
Mn-myoglobin was prepared according to previously reported procedures by extraction of the heme and reconstitution with Mn(III) protoporphyrin IX chloride [37] . After reconstitution, the red protein solution was run through a CM-52 (Whatman) packed column equilibrated with 10 mM phosphate buffer (pH 7) and eluted with 0.5 M phosphate buffer. Purity of the protein was checked by UV/vis spectroscopy by measuring the 375 nm/280 nm ratio (Rz value ~ 1). The concentration of the protein is determined by the 375 nm peak (ε= 70,000 M −1 cm −1 ), which was quantitated using the BCA assay [39] .
Preparation of EPR Samples
Mn-myoglobin solution is concentrated in an Amicon ® and Centricon ® filters to a concentration of 1 mM in 10 mM phosphate buffer, pH = 7. A five-fold excess of mCPBA was added to the solution and mixed. An aliquot of the protein solution was taken for UV/vis analysis to confirm formation of the intermediate. The protein solution was added to an EPR tube and slowly frozen in liquid N2. The samples were stored in liquid N2 to prevent decay of the intermediate.
Kinetic analyses
All reactions were followed by UV/vis spectrophotometry at 20 °C. Control experiments were performed in the absence of substrate. All representative substrate concentration reactions were run in triplicate and averages of the runs are reported. 20 μM Mn-myoglobin in 10 mM phosphate buffer, pH = 7, was used for all reactions and at least a five-fold excess was added to reaction mixture to generate the intermediate. Upon generation of the intermediate, the appropriate amount of substrate was added to the mixture with constant stirring. A spectrum was collected every 4 s and the resulting curve was fit to a first-order model to find kobs. kobs was plotted vs. concentration of C-H bonds to find the concentration dependence of the rate on substrate concentration. The second-order rate constant was determined from the slope of the line.
Conclusions
The replacement of the iron ion with a manganese ion within the heme of the oxygen storage protein, myoglobin, has resulted in a protein that has enhanced reactivity as demonstrated by the resulting C-H bond cleavage ability. The oxidation of Mn-myoglobin by mCPBA showed an intermediate that was reactive toward 1,4 cyclohexadiene. The intermediate was characterized by UV/vis spectroscopy and EPR spectroscopy and was tentatively assigned as an Mn(IV)-oxo species in accordance with the EPR spectrum and in comparison with the fully characterized manganesesubstituted horseradish peroxidase by Groves and coworkers [24] . These findings show that the Mn(IV)-oxo species in Mn-myoglobin is an effective oxidant towards weak C-H bonds.
